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GLOBAL ENERGY BALANCE
Global and annual average energy fluxes in watts per square meter

Schwartz, 1996, modified from Ramanathan, 1987
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ATMOSPHERIC
RADIATION

Energy per area per
time

Power per area

Unit:
Watt per square meter
W m-2



RADIATIVE FORCING

A change in a radiative flux term in Earth’s radiation
budget, ∆F, W m-2.

Working hypothesis:
On a global basis radiative forcings are additive and
fungible.

• This hypothesis is fundamental to the radiative
forcing concept.

• This hypothesis underlies much of the assessment of
climate change over the industrial period.
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ATMOSPHERIC CARBON DIOXIDE IS INCREASING

Global carbon dioxide concentration and infrared radiative forcing 
over the last thousand years

Polar ice cores
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CHANGE IN GLOBAL MEAN SURFACE
TEMPERATURE 1855-2004
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Modified from Petit et al., Nature, 1999

GREENHOUSE GASES AND TEMPERATURE
OVER 450,000 YEARS

Unknown




CLIMATE RESPONSE
The change in global and annual mean temperature,
∆T, K, resulting from a given radiative forcing.

Working hypothesis:
The change in global mean temperature is
proportional to the forcing, but independent of its
nature and spatial distribution.

∆T = S ∆F



CLIMATE SENSITIVITY
The change in global and annual mean temperature per
unit forcing, S, K/(W m-2),

S =  ∆T/∆F.

Climate sensitivity is not known and is the objective of
much current research on climate change.

Climate sensitivity is often expressed as the
temperature for doubled CO2 concentration ∆T2×.

∆T2× = S∆F2×

∆F2× ≈ 3.7 W m-2

stepheneschwartz




CLIMATE SENSITIVITY ESTIMATES
THROUGH THE AGES

Estimates of central value and uncertainty range from major
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EQUILIBRIUM SENSITIVITIES IN CURRENT
CLIMATE MODELS

20 Models employed in IPCC AR4 simulations

543210

Equilibrium sensitivity to doubled CO2 ∆T2×, K

IPSL-CM4

UKMO-HadGEM1

MIROC3.2(hires)

MIROC3.2(medres)

CGCM3.11(T47)

CGCM3.11(T63)

ECHAM5/MPI-OM

GFDL-CM2.1

UKMO-HadCM3

ECHO-G

MRI-CCGCM2.3.2

CSIRO-MMK3.0

GFDL-CM2.0

CCSM3

GISS-EH

GISS-ER

FGOALS-g1.00

INM-CCM3.0

PCM

Sensitivity varies by more than a factor of 2.



ZONAL MONTHLY MEAN ALBEDO
20 GCMs – Difference vs. ERBE Satellite

Modified from Bender et al., Tellus, 2006



CLOUD FEEDBACK STRENGTH AND
CLIMATE SENSITIVITY IN 9 GCMS

  S S=
−SB
1

1 F
S = Climate sensitivity

SSB = Stefan-Boltzmann
sensitivity

  F  = feedback strength

  F F= ∑ i

sum over all feedbacks

Adapted from Webb et al., Clim. Dyn., 2006

Variation in climate model sensitivity is dominated by variation in cloud
feedback strength.



GLOBAL-MEAN RADIATIVE FORCINGS (RF)
Pre-industrial to present (Intergovernmental Panel on Climate Change, 2007)

LOSU denotes level of scientific understanding.

Unknown


Unknown


Unknown


Unknown
Factor of 4 limits empirical inferences and model evaluation.

Unknown


Unknown
Uncertainty range: 5 - 95%.



TOO ROSY A PICTURE?
Ensemble of 58 model runs with 14 global climate models

“ Simulations that incorporate anthropogenic forcings, including increasing
greenhouse gas concentrations and the effects of aerosols, and that also
incorporate natural external forcings provide a consistent explanation of the
observed temperature record.

“ These simulations used models with different climate sensitivities, rates of
ocean heat uptake and magnitudes and types of forcings.



TOO ROSY A PICTURE?
Ensemble of 58 model runs with 14 global climate models

Factor of 2

Schwartz, Charlson & Rodhe, Nature Reports – Climate Change, 2007

Uncertainty in modeled temperature increase – less than a factor of 2, red –



TOO ROSY A PICTURE?
Ensemble of 58 model runs with 14 global climate models

Factor of 4

Factor of 2

Schwartz, Charlson & Rodhe, Nature Reports – Climate Change, 2007

Uncertainty in modeled temperature increase – less than a factor of 2, red –
is well less than uncertainty in forcing – a factor of 4, green.

The models did not span the full range of the uncertainty and/or . . .
The forcings used in the model runs were anticorrelated with the

sensitivities of the models.



CORRELATION OF AEROSOL FORCING, TOTAL
FORCING, AND SENSITIVITY IN CLIMATE MODELS

Eleven models used in 2007 IPCC analysis

 
Modified from Kiehl, GRL, 2007

Climate models with higher sensitivity have lower total forcing.
Total forcing decreases with increasing (negative) aerosol forcing.



AEROSOLS
THE “MONKEY WRENCH” OF FORCING



CLIMATE FORCING BY
ANTHROPOGENIC

AEROSOLS
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AEROSOLS AS SEEN FROM SPACE

Fire plumes from southern Mexico transported north into Gulf of Mexico.



CLOUD BRIGHTENING BY SHIP TRACKS
Satellite photo off California coast

Aerosols from ship emissions enhance reflectivity of marine stratus.



GLOBAL ENERGY BALANCE
Global and annual average energy fluxes in watts per square meter

Schwartz, 1996, modified from Ramanathan, 1987
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ESTIMATES OF AEROSOL DIRECT FORCING
By linear model and by radiation transfer modeling
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Global average sulfate optical thickness is 0.03: 1 W m-2 cooling.

In continental U. S. typical aerosol optical thickness is 0.1:  3 W m-2 cooling.



AEROSOL OPTICAL DEPTH
Determination by sun photometry

θ0

Beer’s law in the atmosphere:

E E ed-n 0= −τ θ/cos( )0

τ θ= −






cos( )ln0
E
E
d-n

0

τ τ τ= +gas aerosol

τ τ τaerosol gas= −

τgas calculated from known
properties of air



AEROSOL OPTICAL DEPTH
Determined by sunphotometry

North central Oklahoma - Daily average at 500 nm
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MONTHLY AVERAGE AEROSOL JUNE 1997
Polder radiometer on Adeos satellite

Optical Thickness τ
 λ = 865 nm

0 0.5

Ångström Exponent α

α τ λ= −d dln / ln

-0.2 1.2
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AEROSOL PROCESSES THAT
MUST BE UNDERSTOOD
AND REPRESENTED IN

CLIMATE MODELS



AEROSOL PROCESSES THAT MUST BE
UNDERSTOOD AND REPRESENTED IN MODELS

water
uptake

precursor emissions

coagulation

evaporation

new particle
formation

subcloud
scavenging

aqueous
chemistry

surface
chemistry

 dry
deposition

activation

diffusion

condensation
evaporation

oxidation

scavenging

primary emissions

Ghan and Schwartz, Bull. Amer. Meterol. Soc., 2007

autoconversion
light scattering

ƒ(RH)
and absorption



APPROACH TO DETERMINE
AEROSOL FORCING

Numerical simulation of physical processes

water
uptake

precursor emissions

coagulation

evaporation

new particle
formation

subcloud
scavenging

aqueous
chemistry

surface
chemistry

 dry
deposition

activation

diffusion

condensation
evaporation

oxidation

scavenging

primary emissions

autoconversion
light scattering

ƒ(RH)
and absorption

→

Isomorphism of processes to computer code

Modeling aerosol processes requires understanding these processes,
developing and testing their numerical representations, and incorporating
these representations in global scale models.



REPRESENTING AEROSOLS
IN GLOBAL CHEMICAL
TRANSPORT MODELS



AEROSOL OPTICAL DEPTH IN 17 MODELS
(AEROCOM)

Comparison also with surface and satellite observations

Kinne et al., ACP, 2006
Surface measurements: AERONET network.
Satellite measurements: composite from multiple instruments/platforms.
Are the models getting the “right” answer for the wrong reason?
Are the models getting the “right” answer because the answer is known?
Are the satellites getting the “right” answer because the answer is known?
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AEROSOL FORCING

WHAT’S NEW?

Organics



DOMINANCE OF ORGANIC AEROSOL
Measurements by aerosol mass spectrometer

Organics Sulfate Nitrate Ammonium Chloride Urban Downwind Urban Rural - Remote

Zhang et al., GRL, 2007
Organic aerosol is major or dominant species throughout the

anthropogenically influenced Northern Hemisphere.



HOA AND OOA BY LOCATION TYPE
Area of pie scaled to organic aerosol concentration

Zhang et al., GRL, 2007

OOA fraction increases with increasing distance from urban sources.



AEROSOL IN MEXICO CITY BASIN



AEROSOL IN MEXICO CITY BASIN

Mexico City is a wonderful place to study aerosol properties and evolution.



SECONDARY AEROSOL PRODUCTION
Eight aircraft flights above and downwind of Mexico City, March 2006

Age = - Log (NOx/NOy)
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Kleinman et al, ACP, 2008

Parcel photochemical age measured using - Log(NOx/NOy) as clock.
Aerosol normalized to CO above background to account for dilution.
Fivefold increase in organic aerosol.
Measured increase in organic aerosol exceeds modeled based on

laboratory experiments and measured volatile organic carbon tenfold.



RECAPITULATION

Present estimates of Earth’s climate sensitivity range over
at least a factor of 3.

The range of sensitivity in climate models results largely
from differing treatment of clouds, resulting in differing
cloud feedbacks.

Evaluation of climate models is limited mainly because of
uncertainty in aerosol forcing over the industrial period.



IMPLICATIONS OF UNCERTAINTY IN
CLIMATE SENSITIVITY

Uncertainty in climate sensitivity translates directly
into . . .

• Uncertainty in the amount of incremental
atmospheric CO2 that would result in a given
increase in global mean surface temperature.

• Uncertainty in the amount of fossil fuel carbon that
can be combusted consonant with a given climate
effect.

At present this uncertainty is about a factor of 3.



IMPORTANCE OF KNOWLEDGE OF
CLIMATE TO INFORMED

DECISION MAKING

• The lifetime of incremental atmospheric CO2 is about
100 years.

• The expected life of a new coal-fired power plant is
50 to 75 years.

Actions taken today will have long-lasting effects.

Early knowledge of climate sensitivity can result in
huge averted costs.



Looking to the
Future . . .



Prediction is difficult,
  especially about the future.

– Niels Bohr
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PROJECTIONS OF FUTURE CO2 EMISSIONS
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PROJECTIONS OF FUTURE CO2 CONCENTRATIONS
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PROJECTIONS OF FUTURE TEMPERATURE CHANGE



Unknown
PROJECTIONS OF FUTURE SEA LEVEL RISE

Unknown
Thermosteric (density change) only







MELTING OF GREENLAND ICE CAP
Satellite determination of extent of glacial melt 1992 vs 2002

4002 ,egdirbmaC ,tnemssessA tcapmI etamilC citcrA

Complete melt of the Greenland 
ice sheet would raise the level 
of the global ocean 7 meters.

ASAN

Steffen & Huff , Univ. Colo., 2005
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CONCLUDING REMARKS
Atmospheric carbon dioxide will continue to increase

absent major changes in the world’s energy economy.

The consequences of this increase are not well known but
they range from serious to severe to catastrophic.

Present scientific understanding is sufficient to permit “no
regrets” decision making.

Research is urgently needed to refine “what if” projections.

Especially important is reducing uncertainty in climate
sensitivity.

Actions taken (or not taken) today will inevitably affect
future generations.


